The hot deformation behavior of GH909 superalloy was studied systematically using isothermal hot compression tests in a temperature range of 960 to 1040°C and at strain rates from 0.02 to 10 s −1 with a height reduction as large as 70%. The relations considering flow stress, temperature, and strain rate were evaluated via power-law, hyperbolic sine, and exponential constitutive equations under different strain conditions. An exponential equation was found to be the most appropriate for process modeling. The processing maps for the superalloy were constructed for strains of 0.2, 0.4, 0.6, and 0.8 on the basis of the dynamic material model, and a total processing map that includes all the investigated strains was proposed. Metallurgical instabilities in the instability domain mainly located at higher strain rates manifested as adiabatic shear bands and cracking. The stability domain occurred at 960-1040°C and at strain rates less than 0.2 s −1 ; these conditions are recommended for optimum hot working of GH909 superalloy.
Introduction
GH909 superalloy is a Fe−Ni36−Co14 iron-based, high-nickel, high-cobalt superalloy with outstanding properties, including a constant low coefficient of thermal expansion, a constant modulus of elasticity, and high strength [1−3] . The superalloy is strengthened via a precipitation-hardening heat treatment, and its low expansion enables precise control of clearances and tolerances for greater power output and fuel efficiency. Its high strength results in a high strength-to-weight ratio, which, in turn, enables the manufacture of lighter aircraft engines. Therefore, the combination of low expansion and high strength is largely responsible for its suitability for use in gas turbines, vanes, casing, shafts, and shrouds [4−6] .
To achieve an optimum microstructure and excellent superalloy properties, a comprehensive understanding of the hot deformation behavior of the superalloy is necessary because it enables optimization of the processing parameters and control over the microstructures. Wang [7] studied the effect of different strains on the microstructure of GH2909 superalloy by using various end heat rolling processes and final heat treatment processes and found that this superalloy was difficult to be processed. Gao et al. [8] identified the recrystallization beginning and finishing temperatures using X-ray diffraction and optical microscopy. The literature contains little research [7−9] on the hot deformation constitutive model, and no data related to processing maps for GH909 superalloy have been reported. In particular, the process for attaining a fine and uniform microstructure in a hot wrought/rolled product has not been fully established.
The hot working behavior of metals and alloys is known to strongly depend on the deformation parameters. The relationships between flow stress and deformation parameters determine the load and energy during hot deformation, and these relationships have been commonly described by constitutive models presented as functions of the strain rate, tem-perature, and strain, as studied by many researchers [10−20] . However, no detailed constitutive models and processing maps have been constructed for GH909 superalloy. Therefore, much related work is needed to characterize the flow behavior and processing maps for GH909. Actually, the microstructure evolution of GH909 is closely related to its deformation conditions. Dynamic recrystallization (DRX) is generally accepted as being the critical process during hot deformation [21] , which greatly decreases hot working loads and leads to extensive to grain-structure refinement. Several DRX mechanisms have been proposed, all of which vary with deformation conditions [22−28] . Hence, the objective of this work is to examine the microstructural mechanisms involved in hot deformation.
Processing modeling based on continuum mechanics, mathematics, materials science, and computer science helps to avoid expensive and time-consuming trial and error in the manufacture of components [22, 23, [29] [30] [31] . Several models, such as the kinetic model, the atomistic model, and the dynamic materials model (DMM) and its variants have been used to characterize hot deformation behaviors of metals and alloys [24−28,32−34] . A processing map was developed from DMM based on flow behaviors for the delineation of the safe and unsafe hot working conditions. Many researchers have constructed processing maps for superalloys [35−38] . Wen et al. [32] studied the hot deformation behavior of a nickel-based superalloy at different temperatures and strain rates using processing maps. He et al. [16] shed light on the forging processing optimization of nickel-based power metallurgy (P/M) superalloy by using processing maps. Sun et al. [18] characterized the hot working behaviors of Incoloy 028 alloy on the basis of processing maps. Prior investigations characterizing hot deformation behavior using processing maps have validated the optimization of hot working parameters of metals and alloys. However, research on the hot deformation behavior of GH909 superalloy using processing maps is lacking.
The objective of the present work was to study the hot deformation behavior of GH909 superalloy, including its flow stress and associated microstructure evolution under different hot compression conditions. A constitutive model and the processing maps were constructed to optimize the hot working window of the superalloy, and the microstructure was observed by optical microscopy and electron backscattered diffraction (EBSD) analysis.
Experimental
The material used in the present work was GH909 superalloy with the chemical composition shown in Table 1 . The ingot of this superalloy was hot rolled to the final microstructure (initial average grain size 196 μm), as illustrated in Fig. 1 , following casting and homogenization. Cylindrical compression specimens of 12 mm in height and 8 mm in diameter were prepared according to ASTM E209 standard with the axis along the rolling direction of the strip. Graphite powder was applied to contacting surfaces to reduce the friction coefficient and to minimize specimen barreling. A Gleeble-1500D testing machine equipped with a fully digital and computer-controlled furnace was used to perform hot compression tests at strain rates from 0.02 to 10 s −1 and at temperatures from 960 to 1040°C with a height reduction as large as 70%.
The experimental deformation process of GH909 superalloy is shown in Fig. 2 . The specimens were held for 5 min at a given deformation temperature to eliminate temperature gradients before testing. The raw load-stroke data were corrected and plotted using the Origin software package. The specimens were quenched immediately with water to preserve the deformed microstructures after hot compression tests and were subsequently cut along their longitudinal axes. The specimens were prepared using standard metallographic techniques before being etched with waterless Kalling's reagent (100 mL ethanol, 100 mL HCl, 5 g CuCl 2 ) and then characterized by optical microscopy. EBSD measurements were conducted using a JEOL 733 electron probe in con-junction with the HKL Channel 5 software package for the examination of DRX occurrence; the EBSD technique is increasingly used to comprehensively characterize the changes in the grain structure and the grain boundary misorientation distribution of hot deformed metals and alloys [32] . The specimens for EBSD were machined and then polished electrolytically with a solution of 20vol% H 2 SO 4 in methanol. The average recrystallized grain sizes were determined using the line intercept method according to standard ASTM E112. Fig. 3 shows the representative true stress-true strain curves under different deformation conditions (strain rates from 0.02 to 10 s −1 and temperatures from 960 to 1040°C). Typically, the flow stress increases with increasing strain rate and decreasing temperature, in good agreement with previous reports detailing the hot compressive behavior of other superalloys [16−18] . Further, the flow stress exhibits a distinct maximum followed by perceptible flow softening. A monotonous increase in flow stress was observed during the initial stages of deformation because of predominant work hardening. The resistance to deformation reaches a maximum after a particular strain, as indicated by a peak stress in the flow curves. Some different apparent characteristics of flow curves may indicate different mechanisms of DRX occurring under different deformation conditions [18] .
Results and discussion

Flow behavior
The peak strain ε p is an important parameter that characterizes the point where DRX actually commences at a certain previous proportion coefficient (generally the coefficient is less than 1.0). Fig. 4 indicates the variation of the peak strain (the strain is the point where stress reaches a peak value) with strain rate at different deformation temperatures. The peak strain is important because it is the point at which DRX actually commences. Peak strain is expected to increase with increasing strain rate and decreasing temperature. However, the present results indicate a change in the mechanism of DRX from a continuous nature at a lower strain rate of 0.02 s −1 to a discontinuous one at higher strain rates [39] . The results revealed that ε p increases with increasing strain rate and decreasing temperature. Generally, DRX in various alloys can preferentially occur under conditions of a relatively low strain rate and a relatively high temperature [16, 18, 20] . In addition, Fig. 5 shows the effects of strain rate on the microstructures deformed at 1020°C and strain rates of 0.02 s −1 and 10 s , which indicates full DRX. However, when the strain rate is increased to 10 s
, the total grain microstructure is characterized by a mixture of fine recrystallized and coarse deformed grains ( Fig. 5(b) ), which indicates incomplete DRX. Therefore, the flow stress under relatively high strain rates is higher than that under relatively low strain rates. 
Constitutive modeling
Hot working is an important step in the manufacture of most metal products. The key to any successful analysis of a hot-working process is the use of appropriate strain rate and temperature-dependent constitutive equations for hot deformations. Different constitutive equations have often been used to correlate the flow stress of a given alloy to the applied strain rates and temperatures. The most frequently used constitutive equation in hot working is that proposed by Sellars and Tegart in a hyperbolic sine form [21, 33, [40] [41] [42] [43] [44] [45] :
where α, n, and A are materials constants, σ is the static stress or the stress for a given strain (MPa) and Z is the Zener-Hollomon parameter used to characterize the combined effect of strain rate and temperature on the deformation process.
where parameter ε is the strain rate, Q is the hot deformation activation energy (J⋅mol
), R is the molar gas constant (8.3145 J⋅mol
), and T is the absolute temperature (K).
As confirmed experimentally, Eq. (1) can be changed to a power-law or an exponential equation under some specific conditions of low or high flow stresses, respectively, as given below:
(4) where n', β, A′, and A″ are material constants. The conversion of constitutive forms of flow stress can be made versus the reciprocal of temperature at constant strain rates for determining the appropriate constitutive model. First, we take the natural logarithm from Eqs. (1), (3), and (4) as follows:
Fig . 6 shows the variation of flow stress with 1/T at a given strain of 0.4 and constant strain rates. The exponential equation correlates well with the experimental data. The validity of constitutive models involving exponential, pow-er-law, and hyperbolic equations under different deformation conditions was assessed on the basis of the values of the correlation factor (r 2 ) summarized in Table 2 . The average values of the correlation factor ( 2 avg r ) for the exponential equations (Eq. (3)) were observed to be higher than those for the power-law (Eq. (4)) and hyperbolic sine equations (Eq. (1)). The variations of peak stress with strain rate were also obtained using the three constitutive equations, and the exponential equation was found to be more appropriate for process modeling, as shown in Fig. 7 . The correlation factors changed with the strain rate, especially at strains of 0.2 and 0.7; the correlation factors are especially sensitive to strain rate at these strain levels because of the substantial difference between the initial and final flow stress [9] . The construction of the exponential equation is detailed as follows. Referring to Eq. (6), we can determine the value of β by plotting σ versus strain rate at a given strain and temperature because Eq. (6) is differentiated as follows:
Therefore, the average value of the slope gives a value of 0.0281 for β at the typical strain of 0.4 in Fig. 8 . The values of material constant β corresponding to different conditions for in the exponential equation are illustrated in Table 3 .
The apparent activation energy for hot deformation can be determined by differentiating σ with respect to 1/T in Eq. (6) as follows:
The partial differential term in Eq. (9) refers to the average slope of the curve plotted in Fig. 6(a) , which is approximately 1755250. Therefore, the average value of Q at a strain of 0.4 is calculated as 410 kJ⋅mol −1
. Other slopes corresponding to different deformation conditions are shown in Table 4 . 
As indicated in Fig. 9 , the intercept in the plot of lnZ versus σ gives an average value of A of 2.03 × 10
13
, and its correlation factor r 2 is greater than 97% at a strain of 0.4. The procedure described through Eqs. (8)- (10) were repeated for the strains of 0.1 to 0.7; the average values of β, Q, and A″ were determined as summarized in Table 5 . The data populated in Table 5 can be used to estimate the value of flow stress at any given strain, strain rate, and temperature, and are thus applicable to the industrial design of working loads. 
Processing map
On the basis of DMM, the workpiece subjected to hot deformation was considered as a nonlinear dissipater of power that is converted into a temperature increase and a microstructure change [24,27,32−36] . Generally, processing maps comprise a power dissipation map and an instability map and can be divided into stability and instability domains. The first part that involves increasing temperature is called the G content, and the second part is defined as the J co-content because it is a complementary part of the G content. The factor that determines the partitioning of the total input power into the G and J contents is the strain-rate sensitivity of flow stress, m, which can be derived from the power law. That is, the total power P might be divided into two complementary functions in this model: G content and J co-content. ), and K is a constant. The value of m is determined by a variant of Eq. (12) given at a constant strain and deformation temperature:
The G term mentioned in Eq. (11) refers to the power dissipated by plastic work, most of which would be converted into viscoplastic heat; the remaining power would be stored as lattice defects. However, the J term is related to metallurgical mechanisms such as dynamic recovery and recrystallization, deformation-induced phase transformation, and precipitation under dynamic conditions; it can be evaluated by integrating the following equation [27] :
That is, 
The variation of η with temperature and strain rate at a constant strain constitutes a power dissipation map. Different values of η respond to different microstructure mechanisms that operate in a given regime of temperature and strain rate. An instability map is developed on the basis of an instability criterion derived on the basis of the extremum principles of irreversible thermodynamics, as applied to continuum mechanics of large plastic flow [32] . The criterion is given by another dimensionless parameter given in Eq. (16) , and flow instability is predicted to occur when ( ) ξ ε becomes negative.
The variation of instability parameter ( ) ξ ε can be evaluated as a function of temperature and strain rate to obtain an instability map. The metallurgical instability during plastic flow occurs in domains where ( ) ξ ε is negative. The processing map has the characteristic of delineating the safe microstructural mechanisms and the damage process. The former includes dynamic recovery (DRV), DRX, and superplasticity (SP), and the latter includes void formation, wedge cracking, intergranular cracking, adiabatic shear bands, and flow localization [33] . Therefore, the processing map can be used to obtain optimum hot working windows and thereby achieve the desired microstructure. It is particularly suitable for the fabrication of large integrated critical force-bearing components.
First, the relation between the natural logarithm of stress and natural logarithm of strain rate was interpolated by using a cubic spline function, as shown in Fig. 10 . The strain rate sensitivity, m, was calculated as a function of strain rate by the first derivative of the spline fit. Second, the efficiency of power dissipation, η, was obtained for GH909 superalloy using Eq. (15) . The contour maps of η were calculated from a set of m values as a function of strain rate and temperature at different strains as a three-dimensional (3D) map. Third, the values of instability parameter ( ) ξ ε were calculated using Eq. (16) Finally, by superposing contour plots of instability parameter ( ) ξ ε on those of power dissipation efficiency η, we developed the processing maps of GH909 superalloy at strains of 0.2, 0.4, 0.6, and 0.8, as shown in Fig. 11 . In the processing maps, the contour numbers represent efficiency of power dissipation and the shaded domains correspond to flow instability (where the values of ( ) ξ ε are negative) associated with metallurgical instability during hot deformation. Strain does not strongly influence η maps, but does influence the instability domains. The instability domains mainly occur at strain rates higher than 0.2 s −1 and represent a large proportion of the entire deformation. As strain increases, the partial instability domains gradually extend and shift to the high-temperature and high-strain-rate domains, as shown in Figs. 11(c) and 11(d) . Microstructure manifestations in these domains of stability and instability were examined; the microstructure mechanisms in the stability domain are discussed in section 3.3.1. 
Stability domain
According to the processing maps in Fig. 11 , two main stability domains are exhibited in the entire deformation. A total processing map constructed on the basis of microstructure observation and flow behavior is presented in Fig.  12 for easy visualization of hot deformation characteristics exhibited by different domains of processing maps corresponding to all of the investigated the strains.
The first domain (Domain I) occurred at very low strain rates, e.g., 0.02 s
, and in a temperature range of 960 to 1040°C, with a high power dissipation efficiency of 0.44-0.58; the secondary domain (Domain II) included the area corresponding to temperatures from 980 to 1020°C and higher strain rates, e.g., 10 s , with a power dissipation efficiency less than 0.4. The higher η values were generally observed to correspond to the better hot workability, indicating that DRX and DRV occur in the stability domains. The power dissipation efficiency values related to DRV and DRX were approximately 20%-30% and 30%-50%, respectively. Therefore, DRX should occur more easily in Domain I than in Domain II because of the difference in η values. , respectively, which correspond to the strain rates in Domain I and Domain II, respectively. Different colors represent different orientations in EBSD measurements. More inhomogeneous deformation of the original grains was observed at 10 s , which is attributed to grain-boundary shearing and/or sliding at the higher strain rate, consequent-ly contributing to the development of relatively large orientation gradients near grain boundaries. In addition, the specimens were better recrystallized in Doman I than in Domain II, indicating that DRX was postponed with increasing strain rate.
Instability domain
Adiabatic shear bands, cracking, and flow localization are generally recognized to easily occur in the instability domains. Microstructure examination showed that adiabatic shear banding occurred in the instability domains covering most parts of the processing map, except in the instability domains at higher temperatures when the strain was greater than 0.6. Fig. 13(a) shows the representative macrostructure manifestation of adiabatic shear bands for the GH909 superalloy; these macrostructures correspond to the deformation conditions of 960°C, 1.5 s
, and 50% height reduction. The macrostructure indicates that a large number of shear bands were oriented at an angle of 45° to the compression axis, which is a typical characteristic of shear deformation. The formation of shear bands is attributed to the adiabatic conditions created during deformation in a material with low thermal conductivity. The partial enlarged microstructure of the adiabatic shear bands in Fig. 13(a) (red square) is shown in Fig. 13(b) . Serious inhomogeneous deformation occurred, and a local concentration of DRX grains appeared in the bands. Cracks were also observed over all of the instability domains. Fig. 14 shows the surface states of specimens deformed at 960°C and 10 s −1 and at 1040°C and 10 s . These results show that slight cracks formed around the cylindrical side, indicating poor plasticity in the instability domains. Cracking is one of the instable behaviors that occur in the instability domains at higher temperatures when the strain is greater than 0.8, as shown in Figs. 11(c) and 11(d) . It is attributed to poor deformation compatibility caused by rapid grain growth. Therefore, these instability domains and the corresponding processing parameters should be avoided. Overall, the "instability domain" indicates the conditions associated with adiabatic shear bands and cracking. This instability domain should be avoided when the parameters for hot deformation of GH909 superalloy are selected. Domain II, which corresponds to temperatures from 980 to 1020°C and strain rates greater than 1.5 s , indicates one of the non-uniform microstructures composed of a few DRX grains and elongated deformed grains; these conditions are not suitable for hot working of GH909 superalloy. Domain I, which corresponds to temperatures from 960 to 1040°C and strain rates less than 0.2 s −1 with a peak efficiency of 0.58, indicates one of the relatively uniform DRX microstructures; thus, these processing conditions are suitable for GH909 superalloy.
Conclusions
The hot deformation behavior of GH909 superalloy was systematically investigated by compression tests in a temperature range of 960 to 1040°C and in a strain rate range of 0.02 to 10 s −1 with a strain as high as 0.8. The conclusions drawn from the constitutive modeling, processing maps, and microstructure observations are listed as follows.
(1) The relations of flow stress, temperature, and strain rate were evaluated via power-law, hyperbolic sine and exponential constitutive equations. An exponential equation was found to be the most appropriate for process modeling.
(2) A total processing map covering all of the investigated strains was constructed, and the recommended stability domain for suitable hot working was a temperature from 960 to 1040°C and a strain rate less than 0.2 s −1 with a peak efficiency of 0.58 to obtain a fine and uniform equiaxed microstructure.
(3) Metallurgical instabilities in the instability domain manifested as adiabatic shear bands and cracking.
